Introduction
Pyrogenic organic matter (PyOM), also called biochar or black carbon derives from incomplete combustion of organic materials including plant biomass and fossil fuels (Gibson et al., 2016) . Incorporation of PyOM into soil can alter soil physicochemical properties and carbon (C) from PyOM makes up~5-45% of soil organic C (SOC) (Glaser et al., 1998; Skjemstad et al., 2002) . The PyOM is highly condensed aromatic substance with high hydrophobicity and low microbial accessibility (Gray et al., 2014; Gibson et al., 2016) . After adding to soils, PyOM could be eventually oxidized through abiotic and biotic processes to be hydrophilic as incorporation of oxygen-containing functional groups and accessible to soil microorganisms (Gul et al., 2015; Zimmerman, 2010) . Being more hydrophilic, aged PyOM (after addition for one year or more) plays a more important role in providing favorable habitat (ample aeration, water and nutrients) for soil microorganisms and retaining soil nutrients (Cheng et al., 2006; Mukherjee et al., 2014) . Pyrogenic organic matter improves soil properties but also the environment (Paz-Ferreiro et al., 2014) . The PyOM is used for agricultural soils (Hüppi et al., 2015) affected by salinization (Wu et al., 2014; Drake et al., 2016) , under intense agriculture land (De Melo Carvalho et al., 2014; Weyers and Spokas, 2014) but also on shifting agriculture as charcoal (Coomes and Miltner, 2016) and to restore mine soils and quarries (Muñoz et al., 2016) .
PyOM addition could increase soil pH and reduce the loss of base cations (Laird et al., 2010 
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Geoderma j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / g e o d e r m a hydroxyl groups) on its surface (Gul et al., 2015) . Also, PyOM produced from corn stalk is commonly alkaline due to the formation of alkalis during pyrolysis . Additionally, surface area of PyOM would offer cation exchange capacity (CEC) provision to soils, and it was more evident after abiotic or microbial oxidation of PyOM with negatively-charged groups on its surface (Liang et al., 2006; Zimmerman, 2010) . In line with this, Cheng et al. (2006) found a rapid formation of CEC during a four-month incubation experiment of PyOM surface oxidation. Soil exchangeable Ca and Mg were found to increase with PyOM amendment (Uzoma et al., 2011; . Soil physical properties, such as soil aggregation, soil aeration and water holding capacity could also be ameliorated by PyOM addition (Du et al., 2016; Zong et al., 2016) . In this case, PyOM amendment was asserted to benefit the international crop production due to the improvement of soil physicochemical properties (Yamato et al., 2006; Kauffman et al., 2014) . Micronutrients, such as Fe, Mn, Cu, and Zn could be incorporated into soils through PyOM application as they would not turn into volatile substances during pyrolysis (Laird et al., 2010; Chintala et al., 2014) . However, current studies rarely considered the responses of plant available micronutrients to PyOM addition. In agroecosystems, soil acidification is common as caused by heavy fertilization and atmospheric N deposition (Liu et al., 2013) . Soil pH buffering capacity (pHBC) plays an essential role in counteracting decrease of soil pH during soil acidification (Bowman et al., 2008) . Amendment of PyOM is deemed to alleviate soil acidification and enhance soil fertility (Ge et al., 2010; Du et al., 2016) . The PyOM addition would enhance soil pHBC through its alkalization effect and increase of soil organic matter (SOM) and CEC (Yamato et al., 2006; Xu et al., 2012) . Previous studies reported that PyOM addition increase soil pHBC by up to 73.6%, 92.0%, and 123.2% for different soil types of Ultisol (SOM concentration of 5.1 g kg soil ) after 40-day incubation (Xu et al., 2012) . However, soil pHBC was also reported to remain unchanged for some soils after PyOM addition (Xu et al., 2012) . The direction of soil pHBC change after PyOM addition would be driven various factors, such as edaphic properties, soil types, change of CEC, and PyOM properties.
Field experiments usually apply PyOM into soils once (low frequency) (Major et al., 2010) or yearly for several times (high frequency) (Du et al., 2016) , but few study compared the effect of these two different PyOM application ways on soil properties. Even being hydrophobic and highly aromatic at the initial stage of soil application, PyOM amendments could still supply labile components into soil which is hydrophilic and easily washed out by soil water (Gibson et al., 2016; Zimmerman, 2010) . Higher frequency of PyOM amendment would continuously supply labile organic materials and complement the nutrients for plants through fresh PyOM amendment (Gibson et al., 2016) . Incorporation of fresh PyOM into soil would increase soil nutrient status and stimulate microbial activities as the release of dissolved organic matter from PyOM after addition (Cheng et al., 2006; Jenerette and Chatterjee, 2012) . Thus, higher frequency of PyOM amendment might result in higher levels of available nutrients, such as base cations and micronutrients as compared to lower frequency at the same amount of total PyOM addition. Under lower frequency of PyOM addition regime, the amended PyOM would be oxidized in the first weeks and months coincided with altered properties (Zimmerman, 2010; Gul et al., 2015; Heitkötter and Marschner, 2015) . The surface area of aged PyOM (with hypothetically higher hydrophilicity) was found to be~2 times lower than that of fresh PyOM (Zhao et al., 2015) which might influence the nutrient adsorption efficiency of PyOM. In this context, the nutrient absorption by PyOM would be basically determined by two distinct properties of its hydrophilicity and surface area. Yet, less is known about the effects of different PyOM amendment frequencies (purportedly different aging degrees) on soil base cations, soil pHBC, and available micronutrients.
In April of 2013, a field manipulation of PyOM amendment was initiated to improve the soil properties in the lower Liaohe River Plain which serves as one of the main food production area in Northeast China. Located near an old industrial city of Shenyang, the agricultural ecosystem in this area is intensively managed to support large population density and high level of economic development. Previous studies suggested that this area suffered from relatively high N deposition as caused by fossil fuel consumption and heavy fertilization (Yu et al., 2011; Jiang et al., 2013) . The soil in this area has degraded and featured by soil acidification and decrease in thickness of top soil layer (Ge et al., 2010) . We hypothesized that 1) PyOM addition would increase soil base cations of exchangeable Ca and Mg and available micronutrients with stronger effect caused by higher frequency of PyOM amendment; 2) PyOM amendment would enhance soil pHBC as increase of soil pH, SOM, and base cations.
Materials and methods

Study area
The study was conducted at the National Field Research Station of Shenyang Agroecosystems, Chinese Academy of Sciences (CAS). The experimental site (41°31′N, 123°24′E, elevation 31 m a.s.l.) was located in the central part of Liaohe River Plain and embraced by typical heavy industry cities of Northeast China, about 35 km south of Shenyang and Fushun, and 40 km north of Liaoyang, Benxi and Anshan (Jiang et al., 2013) . The mean annual temperature is 7.5°C and mean annual precipitation is about 520 mm, which defines the area as warm-temperate continental monsoon climate. The frost-free period lasts 147-164 days. Soil texture of the experimental site is silty loam with 21.4% sand, 46.5% silt, and 32.1% clay at 0-20 cm depth (Liang et al., 2005) . The soil is developed from alluvial deposits of the Liaohe River. The soil type is classified as an aquic brown soil according to the USDA classification and a Hapli-Udic Cambosols in Chinese Soil Taxonomy (CRGCST, 2001) . Monoculture maize crop (Zea mays L.) is planted in the experimental plots.
Production of PyOM and experimental design
The PyOM was purchased from Liaoning Gold and Bliss Agricultural Company. Feedstock of PyOM was maize straw of cultivar Fuyou No. 9 which was commonly planted in Liaoning Province. Maize straw was pyrolized at constant 350°C for 3 h under N 2 environment. The PyOM was ground to pass through 250 μm sieve prior to field application.
In April 2013, a complete randomized block design was applied to the site. . For maize plantation, the inter-row space is 60 cm and intra-row of 30 cm. The treatment of higher PyOM addition frequency was denoted as '+1%' as the PyOM (equivalent amount of 1% soil mass) was applied each year for three years. With equivalent amount, lower frequency of PyOM addition was the treatment of 3% soil mass of PyOM which was applied once in 2013. In the sampling year of 2015, the effect of PyOM addition frequency could be determined by comparing solely PyOM addition (3% of soil mass) and annual PyOM addition (1% of soil mass annually for 3 years) to CK treatment. The PyOM application rates of 1%, 3%, 5%, and + 1% were approximately 5, 15, 25, and 15 folds of total PyOM mass produced from maize stalk of year 2013. For each plots, the surface soil of 0-20 cm was mixed evenly with PyOM; then the mixture were filled back to the respective plots. The chemical characteristics of 0-20 cm soil and PyOM were listed in Table 1 .
Soil sampling and chemical analysis
In September of 2013, 2014, and 2015, a composite soil sample was taken from three randomly selected locations within each plot from 0 to 20 cm soil. After transportation to laboratory (stored at 4°C), fresh soil samples were sieved through 2-mm screen and visible plant roots were picked out. The sieved samples were air-dried and prepared for further analysis.
Total organic C and total nitrogen of both soil and PyOM samples were measured using elemental analyzer (EA1112, ThermoFisher Scientific, Japan). Total phosphorus concentration was determined by perchloric acid digestion (Sommers and Nelson, 1972) and analyzed by the molybdenum blue colorimetric method (Murphy and Riley, 1962) .
Soil base cations (exchangeable Ca and Mg) were extracted by CH 3 COONH 4 according to the protocol from Ochoa-Hueso et al. (2014) . Briefly, a subsample of 2.5 g soil was mixed with 1 M CH 3 COONH 4 (7.0) in a ratio of 1:20 (w/v). The mixture was shaken at 150 rpm for 30 min and then filtered. The concentrations of soil base cations in the filtration were analyzed by atomic absorption spectrometry (AAS, Shimazu, Japan).
Plant available Fe, Mn, Cu, and Zn were determined by the diethylenetriaminepentaacetic acid (DTPA) extraction method according to Lü et al. (2016) . Briefly, 10 g of soil sample was extracted by 20 ml 0.005 M DTPA + 0.01 M CaCl 2 + 0.1 M triethanolamine (TEA; pH 7.0). The slurry was shaken at 180 rpm for 2 h and the filtered through Whatman n. 2 V filter paper (quantitative and ash-free). For the filtration, the concentrations of available micronutrients were determined by AAS.
Soil pH was determined in a 1:2.5 (w/v) soil-water extract of soil samples by a PHS-3G digital pH meter (Precision and Scientific Crop., Shanghai). The soil pHBC was measured using HNO 3 titration method (Lieb et al., 2011) . Briefly, 2 g air-dried soil were weighed accurately into a 50 ml polyethylene tube and mixed thoroughly with 20 ml The mixtures were shaken for 24 h and then incubated for 6 days at 25°C. After incubation, the pH of supernatant was measured using a pH meter (S210 SevenCompact™, Mettler, Germany). Soil pHBC was calculated by fitting the soil pH data with the exponential function according to Nelson and Su (2010) . The equation for pHBC calculation was listed below:
where pH is measured pH value from the solution without acid addition. The a and pH min are the fitting constants of y intercept and coefficient of independent variable, respectively, of exponential function curve.
Statistical analyses
Repeated measures ANOVAs were executed to determine the effect of sampling date, PyOM amendment, and their interaction on soil base cations, plant available micronutrients, pH, and soil pHBC. To determine effect of the PyOM addition within each year, multiple comparisons with a Tukey design were performed on the data of measured soil parameters. The effect of PyOM amendment frequency was determined by comparing the treatment of +1% PyOM addition to 3% PyOM addition and CK in the year of 2015. Pearson correlation analysis was used to determine the relationship among soil parameters. Simple linear regression analysis was conducted to determine relationships of soil base cations (as well as available micronutrients) with pH and SOC. For soil pHBC calculation, the exponential fitting of soil pH values was executed in Sigmaplot 12.5. All other statistical analyses were performed in SPSS 16.0 (SPSS, Inc., Chicago, IL, USA) and statistical significance was accepted at P b 0.05.
Results
Soil chemical properties as affected by intensity of PyOM addition
3.1.1. Soil base cations, pH and pHBC Across three years, different intensities of PyOM amendment showed no impact on soil exchangeable Ca (Fig. 1a) . Soil exchangeable Fig. 1 . Soil exchangeable Ca (a) and Mg (b) as affected by PyOM amendments: 0 (CK), 22.5 t hm −2 applied once (1% of 0-20 cm soil mass, denoted as '1%'), 67.5 t hm −2 applied once (3% of 0-20 cm soil mass, '3%'), 112.5 t hm −2 applied once (5% of 0-20 cm soil mass, '5%'), and 67.5 t hm −2 applied annually for three years (22.5 t hm −2 for each time, '+1%'). Data represent means ± standard error (n = 3). Different letters indicate significant differences among treatments within each year. Bars without letters above denote no significance is detected among treatments.
Mg was not affected by 1% (of 0-20 cm soil mass) of PyOM addition across three years. The 3% of PyOM addition significantly increased exchangeable Mg by 10.9% and 12.0% in the year of 2013 and 2014, respectively (Fig. 1b) . The highest PyOM addition intensity (5%) significantly increased soil exchangeable Mg which was, on average, 24.2% greater as compared to CK (Fig. 1b) . For year 2014 and 2015, the highest intensity of PyOM amendment of 5% significantly increased soil pH value (Fig. 2a) . Across three years, PyOM addition rates of 1% and 3% showed no influence on soil pH value (Fig. 2b) . Soil pHBC was not significantly affected by intensity of PyOM amendment (Fig. 2b) .
Plant available micronutrients
Across three years, 1% and 3% of PyOM addition rates did not significantly affect plant available Fe (Fig. 3a) . The highest intensity of PyOM addition (5% of soil mass) significantly decreased plant available Fe by 26.9%, 39.4%, and 25.1% in 2013, 2014 and 2015, respectively (Fig. 3a) . For the year of 2013 and 2014, plant available Mn significantly decreased with increasing intensity of PyOM addition (Fig. 3b) . However, PyOM addition frequency showed no impact on plant available Mn in the year of 2015 (Fig. 3b) . The highest intensity of PyOM addition significantly decreased plant available Cu by up to 27.2%, 30.0%, and 24.6% in the year of 2013, 2014, and 2015, respectively (Fig. 3c) . However, lower once (3% of 0-20 cm soil mass, '3%'), 112.5 t hm −2 applied once (5% of 0-20 cm soil mass, '5%'), and 67.5 t hm −2 applied annually for three years (22.5 t hm −2 for each time, '+1%'). Data represent means ± standard error (n = 3). Bars without letters above denote no significance is detected among treatments. once (3% of 0-20 cm soil mass, '3%'), 112.5 t hm −2 applied once (5% of 0-20 cm soil mass, '5%'), and 67.5 t hm −2 applied annually for three years (22.5 t hm −2 for each time, '+1%'). Data represent means ± standard error (n = 3). Different letters indicate significant differences among treatments within each year. Bars without letters above denote no significance is detected among treatments.
intensity of PyOM addition (1% and 3%) did not significantly affect the concentration of plant available Cu (Fig. 3c) . For all sampling years, the intensity of PyOM addition showed no impact on plant available Zn concentration (Fig. 3d) .
Soil chemical properties as affected by frequency of PyOM addition
In the sampling year of 2015, the effect of PyOM addition frequency could be determined by comparing solely PyOM addition (3% of soil mass) and annual PyOM addition (1% of soil mass annually for 3 years) to CK treatment.
Soil base cations, pH and pHBC
Frequency of PyOM amendment showed no impact on soil exchangeable Ca concentration (Fig. 1a) . High frequency of PyOM addition significantly increased soil exchangeable Mg while low frequency showed no impact as compared to CK plots (Fig. 1b) . Higher frequency of PyOM addition significantly increased but lower PyOM frequency did not change soil pH as compared to CK (Fig. 2a) . The frequency of PyOM addition showed no impact on soil pHBC (Fig. 2b) .
Plant available micronutrients
The frequency of PyOM addition showed no influence on plant available Fe (Fig. 3a) . Higher frequency of PyOM addition significantly decrease plant available Mn by 49.6% as compared to treatment of lower PyOM amending frequency (Fig. 3b) . Higher frequency of PyOM addition significantly decreased plant available Cu from 1.5 to 1.3 mg kg soil −1 as compared to lower frequency of solely PyOM addition (Fig. 3c) . When comparing to CK treatment, higher amending frequency significantly decreased while lower frequency showed no impact on plant available Cu (Fig. 3c) . No significance was detected on the plant available Zn in terms of the effects of PyOM addition frequency (Fig. 3d) .
Regression analysis
Significant positive relationship was detected on soil exchangeable Ca with both soil pH and SOC (Table 2) . Soil exchangeable Mg significantly and positively correlated with both soil pH and SOC (Table 2 ). All available micronutrients (Fe, Mn, Cu and Zn) were negatively correlated with both SOC (Fig. 4) and soil pH (Fig. 5) . 
. Soil base cations
Given the fact that most of Ca and Mg in biomass feedstock would retain in PyOM during pyrolysis, application of PyOM to agricultural soils would also return these nutrients back to the soils (Laird et al., 2010) . Thus, we detected a significant increase in soil exchangeable Mg as affected by PyOM amendment intensity (Fig. 1b) . After PyOM amendment, significant increase of soil exchangeable Mg might also be due to increase of soil exchangeable surfaces as PyOM possesses higher surface areas (Liang et al., 2006) . Abiotic and biotic oxidation processes would introduce functional groups with negative charges (such as carboxylics) on PyOM surfaces which would help to maintain high cation availability in soils (Schmidt et al., 2002) . Higher soil base cations could also attribute to increase of SOC after PyOM amendment as suggested by the significantly positive correlations of SOC with exchangeable Mg (Table 2 ). The PyOM amendment was suggested to promote soil organic matter (SOM) oxidation by enhancing microbial activity which would consequentially increase soil cation exchange capacity and soil cation availabilities in presence of more humified SOM (Wardle et al., 2008) . During microbial oxidation of SOM, creation of extractable humic and fulvic acids would increase negative charges on the SOM surface (Trompowsky et al., 2005) which result in higher adsorption of soil exchangeable Mg. The experimental site located near Shenyang City and atmospheric N deposition was reported to reach 17.3 kg N ha −1 yr −1 as a result of heavy fertilization and fossil fuel combustion (Yu et al., 2011; Jiang et al., 2013) . This has resulted in slight acidification of the soil in our study site with a pH of 4.89-5.13 in CK plots. Manipulative PyOM amendment increased soil pH by up to 6.9%, 11.6%, and 12.1% for the year of 2013, 2014, and 2015, respectively (Fig. 2a) . A significant positive correlation was found between soil pH and exchangeable Mg (Table 2) . After PyOM amendment, alleviation of soil acidification would reduce leaching of base cations leading to higher exchangeable Mg in PyOM-amended plots (Fig. 1b) . However, unchanged exchangeable Ca concentration rebutted our initial hypothesis that soil exchangeable Ca would increase with PyOM amendment. The concentration of base cations in soil can be influenced by two opposite processes of upshift by plant absorption and downwards by leaching (Jobbágy and Jackson, 2004) . Unaffected exchangeable Ca might be due to the balance between exogenous Ca incorporation by PyOM amendment and Ca removal by plant uptake and leaching. Selective weathering was suggested to be one of the main controllers for difference in concentrations of various base cations in soil (Lu et al., 2014) . Thus, preferential loss of exchangeable Ca relative to Mg could be the reason of unchanged Ca while increased Mg in response to PyOM amendment (Fig. 1a vs. Fig. 1b) .
Our finding of unchanged soil exchangeable Ca was in contrast to the increased Ca after PyOM addition from previous studies (Uzoma et al., 2011; . For example, found PyOM addition result in 1.8%-54.2% increase in soil exchangeable Ca depending on the feedstock of PyOM. Application of PyOM, which was produced from manure, significantly increased soil exchangeable Ca concentration in a sandy soil (Uzoma et al., 2011) . However, Lehmann et al. (2003) found PyOM addition showed no impact on the concentrations of exchangeable Ca and Mg as higher plant growth and uptake of these nutrients. It is clear that many factors, including PyOM feedstock, plant nutrition, and soil type could influence the effect of PyOM on soil exchangeable base cations.
Plant available micronutrients
In contrast to our hypothesis, PyOM addition intensity significantly decreased plant available Fe, Mn, and Cu. Decrease of available Fe, Mn and Cu suggested that the carryover of micronutrients from PyOM could be ignored as compared to original plant available micronutrients. High surface area of PyOM might strongly adsorb soil micronutrients (Mukherjee and Zimmerman, 2013; Forján et al., 2016) which might be beyond the extracting capacity of DTPA. The interpretation of strong adsorption is consistent with commonly-recognized property of PyOM to decrease nutrient leaching from soils by its strong adsorption (Laird et al., 2010) . The PyOM was highly porous and contained an array of humic and fulvic acids (Trompowsky et al., 2005) which might decrease plant available micronutrients by complexing with them. Containing polycyclic aromatic hydrocarbons with significant amount of functional groups on them (Atkinson et al., 2010) , PyOM, the carbonaceous material might influence the efficiency of DTPA-extraction process as their ability to react with components of the extractant.
Significant increase of both SOC and pH should be the main contributor of decrease in plant available micronutrients as suggested by their significant negative relationships (Figs. 4 and 5) . More micronutrients could be chelated by increasing SOM (Lü et al., 2016) as a result of PyOM incorporation. Due to alkalization effect of PyOM, increase of soil pH or enriched alkalis introduced by PyOM addition would result in precipitation of available micronutrients with OH - (McLean, 1982; Atkinson et al., 2010; Lü et al., 2016) . Even with unchanged concentration, plant available Zn still negatively correlated with both soil pH and SOC as a decreasing trend of plant available Zn (nonsignificant) under PyOM amendment (Fig. 3d) . (Liu et al., 2012) . And the introduced Mg from lower frequency of PyOM amendment might be removed by crop harvest or leached downward into deeper soil depths after 3 years. As suggested by previous finding, higher frequency of PyOM addition significantly increased SOC concentration (unpublished data) which might enhance the retention of soil exchangeable Mg as compared to lower frequency. Additionally, annual PyOM amendment would cause pulse-stimulation of soil microbial activity through loosening the soil and introducing labile organic fractions more frequently (Weisskopf et al., 2010; Jenerette and Chatterjee, 2012; Gibson et al., 2016) . Thus, purportedly higher microbial decomposition rates of plant residues (such as roots) would return more elements (such as Mg) back to soil (Kögel-Knabner, 2002) . Enhanced humification by higher microbial activity would also increase exchangeable surfaces of SOM for soil base cations (Liang et al., 2006) .
Under higher frequency of PyOM addition, significantly decreased plant available Mn and Cu might be due to the fact that fresh PyOM were hydrophobic and decreased the extraction efficiency of micronutrients. As very few studies considered PyOM addition effects on plant available micronutrients, this study provided direct evidence of the changes in plant available micronutrients in response to PyOM enrichment. Soil micronutrient availabilities significantly influence terrestrial net primary productivity and food quality worldwide (Cheng et al., 2010) . Decrease of soil micronutrient availabilities might constrain the food productivity of the main crop production area of China as affected by PyOM amendment.
Effects of PyOM amendment intensity and frequency on soil pHBC
Contrary to initial hypothesis, both PyOM addition intensity and frequency showed no impact on soil pHBC which was inconsistent with previous findings (Xu et al., 2012) . As suggested by the increase of soil pH after PyOM addition (Fig. 2a) , the PyOM contained some alkaline substances. This has also been reported by previous researches Xu et al., 2012) . In this case, the pHBC was expected to be enhanced by PyOM addition for the ameliorated soils, and it would increase with PyOM addition rates (Xu et al., 2012) . However, the unchanged soil pHBC might be due to the subtle increase of soil pH (as much as 0.66 unit of increase) and insufficient effect of PyOM on raising soil pH above 7.0 (from 5.1 to 5.7 in the third year). Soil organic matter, serving as a cation exchange source, was suggested to contribute a lot to soil pHBC via its influences on protonation/deprotonation processes (Xu et al., 2012; Lu et al., 2015) . With the increase of SOC after PyOM amendment, however, soil pHBC remained unchanged (Fig. 2b) . It is clear that many factors, including soil edaphic qualities, clay mineral types must be drivers of soil pHBC responding to PyOM addition (Xu et al., 2012) . Soil base cations were the fundamental part of soil CEC which serves as one of the main mechanisms for soil pHBC in the pH range of 4.5-8.0 (Bowman et al., 2008) . The unchanged soil pHBC did not coincide with the increase of soil exchangeable Mg after PyOM amendment (Fig. 1b vs. 2). The discrepancy might result from approaching the threshold of soil buffering mechanisms shifting from base cations to Al 3+ buffering range as intensive atmospheric N deposition in this area (Jiang et al., 2013) . Soil exchangeable Ca, the main contributor of soil CEC in this soil showed no response to PyOM addition which might result in unchanged soil pHBC.
Conclusions
After three-year experiment, PyOM amendment intensity significantly increased soil exchangeable Mg presumably resulting from increase of SOM, soil pH, and exchangeable surfaces. Significant decrease of plant available Fe, Mn, and Cu might be due to strong adsorption of trace metals by PyOM. Higher frequency of PyOM addition show positive effects on soil exchangeable Mg while negative for plant available Fe, Mn, and Cu. Out of our expectation, soil pHBC was not affected by PyOM addition which showed inconsistency with increase of soil base cations under PyOM amendment. These results provide insight into the direction in which soil chemical properties would change under different intensities and frequencies of PyOM amendment. As affected by PyOM addition, the reduction in plant available micronutrients might constrain the crop productivity in this typical food production area of China.
